Alternative splicing of exon 6 results in the production of two isoforms of Steel factor (SLFI: the membrane-bound and soluble forms. To investigate differences in the kinetics of c-kittyrosine kinase activated by these two isoforms. we used a stromal cell line (SIISF) established from SIISlhomozygous murine embryo fetal liver and its stable transfectants containing .ither hSCp" cDNA (including exon 6; secreted form) or h S C p cDNA (lacking exon 6; membrane-bound form) as the source of each isoform.
IGNAL TRANSDUCTION initiated by the interactions of growth factors with specific receptors is an important mechanism of regulating normal cell growth and differentiation. The c-kit proto-oncogene encodes a 145-kD membranespanning receptor that is structurally a member of the platelet-derived growth factor (PDGF) receptor family and possesses intrinsic tyrosine kinase activity.I4 The gene for Steel factor (SLF), the ligand for the receptor protein encoded by c-kit, has been cloned and shown to be expressed by bone marrow (BM) stromal cell^."^ The soluble recombinant SLF is a potent costimulatory cytokine that synergizes with a number of cytokines to stimulate growth of hematopoietic progenitors in vitro and blood cell production in vivo in anirnal~.~ With regard to the initial signaling event leading to a cellular response to SLF, some studies suggest that interaction of SLF with the extracellular domain of the ckit-encoded protein induces receptor dimerization followed by receptor transphosphorylation.1o3" This leads to enhanced tyrosine kinase activity and the formation of phosphotyrosine residues that serve as a coded template to direct substrate association and subsequent
The SI gene encodes a primary translation product of 248 amino acids with a leader sequence and extracellular, transmembrane, and cytoplasmic domains. The resulting protein contains a proteolytic cleavage site encoded by exon 6 sequences (between amino acids 149 and 177) and posttranslational processing at this site leads to the secretion of a biologically active protein (soluble SLF) of 165 amino acids.Ig An alternative spliced cDNA codes for a smaller polypeptide of 220 amino acids that lacks exon 6 sequences including the proteolytic cleavage site and, hence, results in a membranebound protein.*' Several lines of evidence support the physiologic importance of the membrane-bound form of SLF in vivo: The viable SZ-Dickie mutant in which the genomic regions encoding the transmembrane and cytoplasmic domains are deleted can only produce the secreted form of SLF, but shows all the pleiotropic defects seen in SNSZ mutants.20*21 A study of mast cell attachment to fibroblasts derived from SIW mice showed that the extracellular domain of the membrane-bound SLF was required to mediate this attachment." Adhesion of human megakaryocytes to BM stromal fibroblasts has also been shown to mediate in part the interaction between membrane-bound SLF and c-kit prot e i~~. '~ In addition, using stable gene-transfected stromal cell lines that selectively produce either the membrane-bound or the secreted form of SLF, it has been shown that the membrane-bound form of SLF supports hematopoiesis in a longterm culture system longer than secreted pr~tein.'~ However, the mechanism by which these biologic differences are induced by these isoforms remains to be clarified and the physiologic role(s) of each isoforms are not yet known.
We and others have previously reported that treatment of the factor-dependent myeloid cell line M07e with soluble recombinant (r)SLF leads to transient tyrosine phosphorylation of cellular proteins including the 145-kD c-kit geneencoded In addition, this c-kit protein was rapidly polyubiquitinated, internalized, and degraded after treat-ment with soluble rSLF stimulation.25 This suggested that ligand stimulation shortens the life span of c-kit protein and this may function as a negative regulatory feedback loop for activated c-kit protein. Therefore, we compared the effect of the secreted and membrane-bound forms of SLF regarding the kinetics of c-kir kinase and the degradation rate of c-kit protein. These studies were done with M07e cells because in many ways this cell line responds to SLF as do normal ce~~s9,'3,1"?h and also because due to the very low frequency of hematopoietic stem and progenitor cells in the main tissue source of these cells, BM, and it is not yet possible to obtain purified stem and progenitor cells to do these studies. The results showed that the ligand-induced active state of c-kit kinase persisted longer with the membrane-bound SLF than with the soluble form in M07e cells. Additionally, the length of the c-kit protein life span correlated well with the kinetics of c-kit kinase activity after stimulation with each isoform of SLF and the half-life of c-kit protein was longer after stimulation with the membrane-bound isoform. These data suggest that ligand-induced proteolysis of the c-kit protein may function as a regulatory mechanism of c-kit lunase. The data presented may also explain at least some of the biologic differences between the membrane-bound and soluble forms of SLF. Cell lines. The human growth factor-dependent cell line, M07e. was a gift from Aggie Ciarletta (Genetic Institute. Boston, MA). This cell line responds to human GM-CSF and interleukin-3 (IL-3) and human or murine SLF. The biologic characteristics of this cell line and culture conditions have been previously described.'"'' The cells were cultured in RPMI-1640 medium supplemented with 20% fetal bovine serum (FBS) and 100 UImL rhuGM-CSF. Exponentially growing M07e cells were washed and then incubated for 18 hours at 37°C in serum-free RPMI-1640 medium containing 0.5% bovine serum albumin (BSA: Sigma, St Louis, MO). After "factor-starvation," cells were washed once with serum-free medium and then used for further experiments.
MATERIALS AND METHODS

Cyfokines
A stromal cell line SIISI'. which does not produce SLF, was established from the liver of a 14-day S I N homozygote murine fetus obtained by heterozygote ( W + ) crosses. The generation of S1/SI4 stable transfectants producing either membrane-bound SLF (SVSI4-h220) or soluble SLF (S1/S14-h248) has been previously described.?4 Briefly, alternatively spliced forms of hSLF cDNAs inserted into pJT-I (hSLF220) or pDSR (hSLF248) vectors and expressed off the SV40 early promoter were cotransfected with the p48 vector encoding hygromycin B using the Lipofectin method. The transfectants were selected and expanded by culturing the cells with Dulbecco's modified Eagle's medium (DMEM: GIBCOIBRL, Grand Island, NY) containing 20% FBS and 200 pg/mL hygromycin. Thereafter, SK'X' and SI/SI'-hSLF transfectants were maintained in DMEM ,upplemented with 1 0 % FBS. sI/SI' clones were treated with mitomycin C (5 pg/mL; Sigma) for 2 hours at 37°C. washed three times with phosphate-buffered saline (PBS), treated with trypsin, and plated to confluence (1.5 x IOs/well) on 24-well gelatin-coated tissue culture plates (Corning, Corning, NY) and further cultured for 48 hours. Under these conditions, SIJ-h248 secretes about 15 ng/mL of rhuSLF and by SLF immunoprecipitation and RNA analysis, S14-h220 and Sld-h248 both produce equivalent amounts of protein."
Then the factor-starved M07e cells at 2.5 X IOh ceils/well were loaded onto the stromal layers. The cell density of M07e cells was adjusted to form a single cell layer over the confluent stromal cells. The culture plates were gently centrifuged for 1 minute at lO0g using Tomy TS-4 swing rotor (Tomy, Tokyo, Japan) to ensure direct cell-cell contact, and further cocultured for various periods at 37°C. Thereafter, the supernatants were removed, and cells were lysed in lysis buffer (20 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCI, 10% glycerol. I % NP-40, 1 mmolL phenylmethylsulfonyl fluoride, 0.15 U/mL nprotinin. I O mmol/L EDTA, l0 ,ug/mL leupeptin, 100 mmol/ L sodium fluoride, 2 mmol/L sodium orthovanadate) at 4°C for 30 minutes. Cell lysates were clarified by centrifuging for 30 minutes at 10,000g at 4°C. Total protein content of the lysate was determined by a Bio-Rad protein assay kit (Bio-Rad, Richmond, CA). Cell lysates were used for immunoprecipitation and immunoblotting.
I~nmunc~~reci~~itution und immunohloiting. Immunoprecipitation and immunoblotting were performed as previously described." Briefly, cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were electrophoretically transferred onto Immobilon-P membranes (Millipore, Bedford, MA). After blocking residual binding sites on the transfer membrane by incubation with TBST (50 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCI. 0.05% Tween-20 [Bio-Rad]) containing 5% dry milk for 2 hours, the blots were incubated with the appropriate primary antibody for 2 to 4 hours at room temperature. Immunoreactive proteins were visualized colorimetrically. Immunoprecipitations were performed by incubating the cell lysates with anti-c-kit antibody for 3 hours at 4°C. Protein A-Sepharose beads (Pierce, Rockford, IL) were used to collect the antigen-antibody complexes.
Meruholic lubeling. For metabolic labeling with ["Slmethionine, exponentially growing M07e cells were washed and resuspended at IO6 cells/mL in methionine-free RPMI-1640 medium containing S% FBS and incubated for 1 hour. The cells were then resuspended ( I O6 cells/mL) in methionine-free RPMI-1640 medium containing 100 pCi/mL [7rS]methionine (specific activity >800 Ci/ mmollL; Amersham Corp, Buckinghamshire, UK), 1 0 % FBS, and 100 U/mL rhuGM-CSF and incubated for 3 hours at 37°C. After metabolic labeling, the cells were washed three times and resuspended in complete medium containing a 10-fold molar excess of unlabeled methionine and incubated for 1 hour to wash out free ["S]methionine. For metabolic labeling with ["Plorthophosphate, M07e cell at 10' cells/mL were incubated in phosphate-free RPMI-1640 medium containing 0.5% BSA for 2 hours. Then cells were resuspended at 5 X 10' ' cells/mL in phosphate-free medium equilibrated with carrier-free ["P]orthophosphate (Amersham) at 1 .0 mCi/ mL for 90 minutes at 37T, and washed three times with PBS. The radiolabeled cells were loaded onto stromal cell layers that expressed either soform of rhuSLF, as described above.
Immune-complex kinase ussuys. Immunoprecipitation with antic-kit antibody was performed as described above. The immunoprecipitates were washed three times with lysis buffer and three times with kinase buffer (50 mmol/L Tris-HCI, pH 7.4. 25 mmol/L p- 
RESULTS
SVSr' transfectants producing either the membrane-bound or the soluble form of SLF support growth of factor-dependent M07e cells. Sl/S14 stromal cell line lacking production of SLF and its stable gene transfectants producing either the membrane-bound SLF (S14-h220) or the secreted form of SLF (S14-h248) were treated with mitomycin C, thoroughly washed, then cultured for 48 hours as described in Materials and Methods. Thereafter, factor-starved M07e cells were loaded onto these mitomycin C-treated subconfluent stromal cell layers and cocultured for another 48 hours. As shown in Fig 1, both S14-h220 and S14-h248 cells supported growth of M07e cells. After 48-hour coculture with Sl/S14 cells that do not produce SLF, over 80% of M07e cells were not viable as determined by trypan blue dye exclusion (data not shown). It is noteworthy that in S14-h220 cultures producing the membrane-bound SLF, growing M07e cells were seen adjacent to the cell-surface of S14-h220 cells, whereas in S14-h248 cultures secreting the soluble form of SLF, most of growing cells were observed in the open spaces left by S14-h248 cells and only some of them were seen associated with these stromal cells.
Induction of protein tyrosine phosphorylation in M07e cells by interaction with either S14-h220 or S14-h248 stromal cell layers. After treatment with mitomycin C, the confluent stromal cells were further incubated for 48 hours. Factorstarved M07e cells were loaded on these stromal layers and cocultured for various periods of time. Since the recovery of attached M07e cells from the stromal cell cultures by pipetting induced cellular protein phosphorylation in M07e cells, which resulted in high background in immunoblots (data not shown), we removed the supernatants and directly added lysis buffer into the cultures to make whole-cell lysates. The soluble cellular proteins consisting of M07e and stromal cells were analyzed by immunoblotting with antiphosphotyrosine MoAb. Figure 2A shows induction of protein tyrosine phosphorylation in M07e cells after 15-minute coculture with either S14-h220 or S14-h248 cells or treatment with 50 ng/mL soluble rhuSLF. One prominent band with a (Fig 2A,  lanes 2 and 7) . To further confirm that these tyrosine phosphorylated protein bands were exactly induced in M07e cells but not in the mitomycin C-treated stromal cell layers, [3ZP]radiolabeled M07e cells were loaded on transfected stromal cells and cocultured for 15 minutes. Then cells were lysed and tyrosine phosphorylated cellular proteins were collected with agarose-conjugated 4G10, separated by SDS-PAGE, and visualized by autoradiography (Fig 2B) . The same series of tyrosine phosphorylated bands were observed among S14-h220-, S14-h248-, and rhuSLF-stimulated cells. In addition, only a few weak phosphorylated bands were detected in cell lysates of the stromal cells after coculture with M07e cells (Fig 2C) . Therefore, most of phosphorylated protein bands in Fig 2A, lanes 4 and 6 represent cellular phosphorylated proteins derived from M07e cells after interaction with S14-h220 or S14-h248 cells. These data also suggest that there are no significant differences in quality of signals produced by the membrane-associated and the soluble forms of SLF. As for lower molecular weight proteins of less than 50 k D , 10% SDS-PAGE showed no difference regarding protein tyrosine phosphorylation pattern between S14-h220 and S14-h248 stimulation (data not shown).
In contrast to the lack of difference in the quality of signals induced by either SLF isoform, the kinetics of cellular protein phosphorylation in M07e cells was different after stimulation with the membrane-bound or the soluble SLF. As shown in Fig 3, interaction with S14-h248 cells induced transient tyrosine phosphorylation of cellular proteins in M07e cells, and the protein phosphorylation level returned close to that observed in the unstimulated state within 60 minutes. This result was consistent with those of our previous report in which we used highly purified recombinant soluble murine SLF as a c-kit activator in M07e cells." In contrast, after 60 minutes of interaction with S14-h220, cellular protein phosphorylation was still high and remained elevated at 120 minutes.
The soluble SLF enhanced downmodulation of cell-surface c-kit expression more than the membrane-bound form. We have previously reported that stimulation with recombinant soluble SLF at 37°C induced polyubiquitination of ckit-encoded protein and subsequent internalization of the ligand-receptor complex resulting in rapid proteolysis of the c-kit protein.25 Therefore, we presumed that the difference in kinetics of tyrosine phosphorylation shown in M07e cells compared with untreated cells. No downmodulation of c-kif was detected after coculture with SI/SI" stromal cells. Interaction with SIJ-h220 stromal cells resulted in a slight but significant reduction of c-kif expression in M07e cells compared with untreated cells. However, addition of 15 ng/mL soluble rhuSLF to SI"-h220 cultures markedly enhanced c-kit downmodulation in M07e cells. to levels similar to cells cocultured with SI"-h248 stromal cells. which are known to produce an equivalent amount of soluble rhuSLF.'" These data suggest that the soluble form of SLF plays an important role in cell-surface c-kif expression.
Kinetics of c-kit kinase inactivation m d ligand-irlduced c-kit degradation rate @er inferaction wirh the memhranehound and soluble form of SLF. To determine the degradation rate of c-kit-encoded protein after interaction with each SLF-isoform, c-kit protein in M07e cells was first metabolically labeled with [ZsS]methionine then chased during coculture with the confluent layers of each SI/SI" transfectant for various periods of time. After cell lysates were immunoprecipitated with anti-c-kif antibody and separated by SDS-PAGE, autoradiography was performed. Interaction with S14-h248 cells induced rapid reduction of radiolabeled c-kit protein in M07e cells (Fig S, B and C) . In contrast, the life span of c-kit protein was much more longer after interaction with SIJ-h220 cells. Similar to its effect on cell-surface ckit expression (Fig 4) . addition of soluble rhuSLF accelerated c-kit degradation in M07e cells cocultured with the SIJ-h220 cell layer as much as in those cocultured with SIJ-h248 cells. A more pronounced c-kit degradation was observed when the concentration of soluble rhuSLF was increased to S0 ng/ mL in SI"-h220 cultures (Fig SC) . It is noteworthy that the kinetics of c-kit degradation under these conditions strikingly fit with both the tyrosine phosphorylation levels and the immune-complex kinase activities of c-kit protein after interaction with each SLF isoforms (Fig S, A and B and Fig  6) . In M07e cells stimulated with SIJ-h248 cells, tyrosine phosphorylation of the c-kit protein was transiently activated and it returned to the unstimulated state within 90 minutes, whereas it remained active even after 120 minutes of interaction with SI4-h220 cells. Addition of S0 ng/mL soluble rhuSLF to SI"-h220 cultures resulted in enhanced inactivation of c-kit kinase of M07e cells at 60-minute incubation, though tyrosine phosphorylation of c-kit protein was more enhanced at the initial period of incubation (Fig SA) . Taken together, these data show that the c-kit kinase remained active significantly longer after stimulation with the mem- brane-associated SLF than when stimulated with the soluble of time when M07e cells are interacting with membraneform. This appears to be caused, at least in part, by the associated SLF compared with soluble SLF. Soluble rhuSLF longer life span of c-kit protein after stimulation with the added to the stromal cell cultures that produce the memmembrane-bound SLF.
brane-bound SLF accelerated inactivation of c-kit tyrosine kinase. This suggests that the difference in the kinetics of ckit kinase is not caused by the amount of SLF produced by In this study, we have shown that activation of c-kit tyroeach stromal cell line, but that the form of the ligand is more sine kinase from M07e cells persists for a longer period crucial for this inactivation process. We and others have 
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Log Fluorescence Intensity reported that stimulation of the cells expressing c-kit receptor with soluble SLF induces rapid downmodulation of cellsurface c-kit expression and degradation of metabolically radiolabeled c-kit p r~t e i n .~~.~' We have also reported that soluble ~~U [ '~~I ] S L F was promptly internalized at 37°C after ligand-receptor binding in M07e cells.25 Degradation after internalization of the ligand-receptor complex has been reported in many other receptor systems including the PDGF and CSF-l receptors that are structurally related to c-kit.""' Therefore, we would expect that the regulation of c-kit inactivation involved, at least in part, the proteolysis of c-kit protein mediated by accelerated internalization of the ligandreceptor complex after soluble ligand stimulation. In contrast, because the immobilized membrane-bound ligandreceptor complex presumably cannot be internalized and degraded by this pathway, the activation of c-kit by the membrane-bound SLF appears to be prolonged. Prolonged activation of c-kit might be expected to continue producing efficient signals for cell proliferation and differentiation. This idea was supported by the lines of evidence presented in this report: First, cell-surface expression of c-kit was downmodulated after 15-minute interaction with the soluble SLF, whereas downmodulation was much less after interaction with the membrane-bound form (Fig 3) . Second, the radiolabeled c-kit protein was rapidly degraded after stimula- tion with soluble SLF, whereas its half-life was much longer after interaction with membrane-bound SLF. Moreover, soluble rhuSLF added to the stromal cultures that produce membrane-bound SLF enhanced c-kit degradation to the same extent observed in the case of the stromal cell cultures that produce soluble SLF (Fig 5 , B and C) . Third, the kinetics of c-kit inactivation after stimulation with either SLF isoform correlated well with the c-kit protein degradation rate under either condition (Fig 5, A and B and Fig 6) .
The potential role for protein tyrosine phosphatases in growth regulation is becoming evident. Recently one novel protein tyrosine phosphatase, termed hematopoietic cell phosphatase (HCP) or PTPIC, has been identified.''~3" PTPIC encodes a cytoplasmic phosphatase that contains two SH2 domains and has been shown to transiently associate with ligand-activated c-kit protein through the SH2 domain in vivo and dephosphorylate the ligand-induced autophosphorylated c-kit protein in v i t r~,~' implying that this phosphatase might be involved in the negative feedback regulation of ligand-activated c-kit receptor. As shown in Fig 5A, a slight but significant reduction of tyrosine phosphorylation level of c-kit after a 90-to 120-minute interaction with the membrane-bound SLF was observed, whereas the amount of cellular protein was almost consistent until up to a 120-minute incubation. This suggests that some protein tyrosine Kinetics of immune-complex kinase activity of c-kit protein in M07e cells after interaction with the membrane-bound or soluble forms of SLF. M07e cells were cocultured with S14-h248 cells, SI4-h220 cells, or SI'-h220 cells in the presence of 50 ng/mL soluble rhu SLF for various periods of time at 37°C. Then the cell lysates were immunoprecipitated with anti-c-kit antibody. The immune-complexes were collected on protein-A-Sepharose beads, washed, and incubated with 10 pCi ["P-yl ATP for 10 minutes at room temperature. Immune-complexes were separated by 7.5% SDS-PAGE and proteins were transferred onto Immobilon-P membrane. After treatment the membranes in 1 mol/L KOH for 1 hour at 55°C. ["PI incorporation into c-kit protein was visualized by autoradiography. This is a reproducible result from one of three separate experiments.
phosphatase(s) might be also involved in the inactivation of c-kit tyrosine kinase as a regulatory mechanism.
The biologic significance of the differences in inactivation kinetics and ligand-induced c-kit degradation rate between the two SLF isoforms remains an open question, especially because we have not observed gross differences between membrane-bound and soluble SLF on proliferation of M07e cells as evaluated by [.7H]thymidine incorporation (data not shown). However, based on the data presented here and information presented below. it can be speculated that the membrane-bound SLF might have more potent or prolonged effects on effecter cells including hematopoietic progenitors due at least in part to induction of prolonged tyrosine phosphorylation. The membrane-associated SLF is superior to the soluble form in supporting hematopoiesis in a long-term culture system." In addition. in the viable SI-Dickie mutant MIYAZAWA ET AL mouse which has a deletion the S I gene that removes the trnnsmembrane and intracellular domains and can only produce the secreted form of SLF. development of hematopoietic cells. melanocytes, and germ cells is As shown in Fig I . M07e cells proliferated only when directly interacting with SIJ-h220 cells. whereas direct contact was not required for its proliferation when cocultured with SIJh248 cells. Because SLF has pleiotropic effects on hematopoietic progenitors. further studies to determine biologic differences between the two isoforms including cell differentiation and cell-cycle state should be pursued. Unfortunately, the capacity to evaluate effects of membrane-bound and soluble SLF on receptor mediated and intracellular events including phosphorylation patterns of primary normal hematopoietic stem and progenitor cells must await advances in technology that will allow one to isolate enough of these rare cells in purified form to pursue such studies.
